Variation in flow direction requires extensive consideration in the practical application of riblet surfaces. However, studies scarcely examine the impact of flow angle α for riblet, which is usually adopted to reduce flow drag. Accordingly, this research conducted large eddy simulation for a wide range of flow angles. We explored the effect of 0° to 90° flow angle on the surface drag change of triangular riblet. The time-averaged statistical data and instantaneous flow details indicated that skin friction is decreased with the increase in α. However, pressure drag increased much faster than the friction decrease. Result revealed that skin friction reduction by 4.537% is obtained when α=0°, and it inhibits turbulence in the spanwise direction. When α≈20°, the total drag reduction disappeared. Within this range, the deviation angle showed little influence on the total drag reduction. When α=90°, skin friction is reduced by 73.3%; however the pressure drag and total drag increased, accompanied by an increased turbulence. The flow must be nearly parallel to the riblet to achieve drag reduction. Otherwise, the transverse riblet is an effective method to increase the drag.
INTRODUCTION
In recent years, scholars have extensively studied riblet as a type of passive drag reduction device Walsh (1978) from the NASA Langley Research Center investigated the influences of different shapes, sizes, and flow speeds on the drag reduction effect of the riblet from the early stage and found that the V-shaped riblet can reduce drag by 8% (Walsh et al. (1982; 1983; 1984) . Other scholars have conducted studies on the riblet distributed along the flow direction. Clark (1990) and Tang and Clark (1993) conducted flow visualization experiments on a near-wall turbulent boundary layer with the riblet arranged along the flow direction to explore turbulence activities and flow field characteristics. They proposed the concept of "riblet sublayer" and asserted that one of the main functions of riblet is to prevent high-speed fluid from flowing into the near wall. Stalio and Nobile (2003) used the direct numerical simulation (DNS) method to study the triangular riblet distributed along the flow direction. Such task aimed at analyzing flow and heat transfer in laminar and turbulent regimes. The aforementioned authors noted that the heat transfer efficiency of the riblet surface is lower than that of the flat plate in the laminar flow. Such case is also observed in turbulent flow and is inconsistent with previous experiments. In the case of drag reduction and increase, Ng et al.(2014) used the DNS calculation method to analyze the effect of riblet size on the flow field and evaluate the correlation between riblet size and the resultant flow field by using the newly proposed parameter. Experimental and numerical simulation studies on drag reduction and riblets have focused on the flow direction arrangement of the riblet. Several other studies have focused on the transverse riblet. Ikeda and Durbin (2007) used the DNS method to study a rectangular riblet perpendicular to the flow direction of a low wall in channel, derived instantaneous flow field and turbulence statistics. They found different turbulent structures on the two walls, with long stripes on the smooth wall and irregular vortices on the riblet wall. Leonardi et al. (2004) studied the transverse rectangular rib with different ratios of riblet height to riblet spacing with DNS. The result showed that the streamwise length of a turbulent structure near the wall of a riblet can be decreased and the spanwise length can be increased relative to that of a smooth surface. Many successful applications have been explored for the drag reduction effect of the riblet. For example, in the aerospace field, Mclean et al. (1987) from the NASA Langley Research Center applied symmetrical V-shaped riblet vinyl films of the 3M Company to the upper wing of the T-33 aircraft and measured the drag reduction rate up to 6%. German DLR-coated riblets were applied to 70% of the area of the A320 aircraft, with a drag reduction set to 3% in a flight test (Bechert et al. 2000) . Viscous resistance in the turbulent boundary layer is the major factor in the rise of airline fuel costs (Flandoli et al. 2010) . Coustols and Cousteix (1990) used the 3M riblet on the upper surface of the LC100D wing to test and measure drag, in which the flow angle was set from 0° to 6°. At 0° and 2°, a 2% total drag reduction, which corresponded to 7% viscous drag reduction, was obtained without drag reduction effects observed at the high angles. This finding can be partly explained by the effect of boundary layer separation. Walsh (1982) applied the symmetrical triangular riblet to a conventional aircraft and experimentally investigated the drag reduction effect of the riblet with a deflection of 0° and 15° in the same h + (dimensionless height) range. The results showed that friction drag reduction was almost unaffected by the 15° deflection.
In practical applications, the riblet film is manufactured and applied to a certain surface in a fixed single pattern. However, the flow direction on the riblet surface in the actual flow field is unnecessarily positioned along the placement direction of the riblet or in a certain fixed direction, such as the vertical riblet direction. Studies on the effect of incidence angle on riblet drag reduction are rare, and the incidence angle range is small. No research seems to have been conducted on the angle α formed between the riblet and the incoming flow under the wide-range variation condition. Thus, this research focuses on the angle under the wide-range variation condition. The rib arrangement is fixed, and α is changed to control the flow direction. The large eddy simulation (LES) method is used to investigate the effects of different α (angle of deviation from riblet, representing the flow direction) on the drag reduction of the riblet wall and the influence of the flow field in the range of 0 -90°. 
NUMERICAL METHODS
The LES method is employed to numerically simulate the riblets (h=s=0.51 mm, where h and s represent the height and spacing of the riblets [symmetrical triangular or V-shaped], respectively). The riblet has an optimal drag reduction effect in the Walsh's test. The change in the flow direction angle is explored to determine the influences of flow angle on wall shear stress, pressure resistance, drag reduction and flow field (or corresponding flow characteristics) in this study. The calculation domain is the channel with different upper and lower walls. Straight triangular riblets are distributed along the x direction of the lower wall in the Cartesian coordinate system, and the upper wall is a smooth plate. Here, the velocity components of each point in the x, y, and z directions are u, v, and w respectively. The streamwise, normal and spanwise directions are denoted by X, Y and Z respectively. The velocities in the three directions are denoted by U, V, and W. Figures 1 and 2 show the computational domain and grid situation near the wall. The mesh is divided by a hexahedral grid, refined in the wall vicinity in the y direction, and uniformly distributed in the x and z directions. Table 1 lists the three different distribution sets in the three directions and corresponding mesh parameter for α=0°. On the basis of the number of grid, scheme 2 with a moderate amount of grid is finally selected as the mesh used for computation in all cases. The corresponding step sizes in each direction are given in wall units. A Y-block division is adopted in a triangular groove. Figure 3 shows the mesh distribution inside the groove. The minimum and maximum mesh spacing values in the wall units in the y direction are computed as inside and outside the groove, respectively. The calculations in this research have adopted the same set of calculation domain and grid, and only α and mass flow rate are changed to ensure consistency in velocity in the flow direction. The incoming velocity is approximately 10 m/s. The α range is 0° to 90°. α=0° and 90° are the mainstreams for x and z, respectively. The other angles are between the x and the z directions.
The Reynolds number based on H/2 (i.e., half of the channel height) and mainstream velocity is approximately 3,550 in the calculations. The upper and lower boundaries correspond to the wall without slip. The inlet and outlet and the sides are in periodic boundary conditions. The inlet and outlet correspond to the given mass flow rate and flow direction. The laminar results are taken as the initial field for calculation. The LES unsteady calculation is carried out, and the WALE model is selected. The time-step is set to be 2e-5 s. Once the calculation has reached a stable state of turbulence, the statistical quantities are averaged over time.
ANALYSIS AND DISCUSSION

Drag Variations on Walls
Here, the calculation for α=0° is consistent with the conditions provided by a previous study (Walsh 1982) . Computational reliability is verified by comparing the drag reduction results. The time averaged skin friction reduction calculated in this research is -4.537%, which corresponds to a h + of 20.34. When h + ≈20, the corresponding drag reduction is approximately -4% in Walsh's experiment. The results calculated in this work are within the range of drag reduction in Bechert et al.'s (1997) experiment. The skin friction drag reduction is -73.3%, and the corresponding h + is 21.41 for α=90°. The skin friction drag reduction can be calculated as follows:
here r D and f D represent the drag of the riblet and smooth surfaces, respectively.
The forces presented in this work are the results of time averaging. Figures 3 and 4 show the component and total forces of the smooth and riblet walls with the increase in α. Viscous resistance consists of two parts, namely, pressure drag and skin friction. When α is changed, the surface pressure of the riblet structure also significantly changes.
Figure 3(a) shows that the frictional drag component in the x direction rapidly decreases when α increases on a smooth plate. However, the z component slowly increases with the increase in α. When the angle between the flow direction and a certain coordinate direction is small, the force component along this coordinate direction dominates. The force change in this direction is slow when the angle is small. The total drag on the upper plate remains essentially the same. The riblet surface has a uniform V-shaped structure. The z skin friction increases in the reverse direction with the increase in α, indicating a linear relationship with α. The pressure drag component in the z direction linearly increases with the increase in α.
The increase in speed is much faster than the decrease in skin friction toward the z direction. The force in the x direction slightly changes when the angle changes within 20° with the flow angle increase. When the flow angle is greater than 20°, the friction resistance in the x direction linearly decreases with the incoming flow angle. This phenomenon can be explained as follows: within a certain small angle range, the α increase leads to the decrease in streamwise velocity, the increase in turbulence intensity, and the constant skin fraction within a certain range. Accordingly, the total drag on the riblet surface rapidly increases with the increase in α. In α=90°, pressure drag is the main viscous drag of the rough wall, and it accounts for 117% of the total resistance. This value is similar to that reported by Ikeda and Durbin (2007) . Figure 4 demonstrates that the riblet exhibits a drag reduction effect when the angle is less than 20°. When the inlet flow angle continues to increase to approximately 20°, the riblet surface force significantly changes. Within the drag reduction range, the deviation angle has little influence on drag reduction. Walsh (1982) verified that the 15° deviation has little effect on the drag reduction of a triangular riblet. By contrast, the 30° deviation has no drag reduction effect. This finding is consistent with the study results. Skin friction largely decreases with the increase in α. However, pressure resistance also increases accordingly, resulting in a slowly disappearing drag reduction. The same flow direction with the riblet is assumed to effectively reduce the drag. Otherwise, the opposite effect will be observed.
Detailed analysis of Average flow Field at α=0° and α=90°
This research mainly analyzes the two special cases (i.e., α=0° and α=90°) of statistical data. The analyses below begin with the discussion on the time-averaged data, which were obtained by collecting the 5,000 time-step data for timeaveraged processing after calculation convergence. Figure 5 shows the distribution of the time-averaged streamwise velocity along the normal direction of the two groups of examples and their partial magnification. Figure 6 shows the instantaneous velocity vector distribution inside the groove in the two cases. In Fig. 5 , the velocity increases slowly inside the riblet and dramatically increases above the riblet tip, when α=0°. The velocity gradient maintains a high value within a certain normal height. This value is bigger than that when α=90°.
Time-Averaged Velocity Distribution
According to the shear stress formula,
where w  is the shear stress on the wall,  is the dynamic viscosity, and dy U d is the velocity gradient near the wall. The shear stress is large when dy U d is high. This relationship suggests that the skin friction of the riblet is high at α=0°. The velocity gradient is much smaller near the riblet than that in the upper plate. The skin friction of the riblet is reduced in both cases, however, when α=90°, such friction is reduced futher. The definition of the boundary layer thickness indicates that if speed is consistent with the mainstream speed of 99%, then, the corresponding y/H values are 0.41 and 0.54 at at α=0° and 90°, respectively. Therefore, vertical inflow is assumed to increase the boundary layer thickness.
The difference between the above-mentioned two cases can be explained by the α effect of on the flow field. Figure 6 is the velocity vector diagram of the resultant velocity. Figures 5 and 6 demonstrate that the speed values in the groove in the two cases have extremely low values. The fluid in the groove is restricted, and no movement can be seen perpendicular to the flow direction when α=0°. The fluid in the groove tends to be calm, and it is in a quiet laminar flow state. The larger vortex is restricted outside the groove because of the riblet structure, and it cannot directly cause friction on the surface. Many scholars believe that the drag of riblet arranged in the flow direction can be reduced because the riblet itself inhibits the development of vortices in a spanwise direction (Bechert et al. 1986; Bechert and Bartenwerfer 1989; Goldstein et al. 1995; Choi 1989) . When α=90°, the velocity value in the groove is extremely low due to the viscosity and the riblet geometric configuration, while the fluid within the groove is in an active motion state. A pressure difference is formed in front and behind the groove, and a secondary flow (vortex zone) is generated in the groove as the fluid flows through the surface. A backflow opposite to the main flow direction is formed inside the grooves. The velocity is negative, further resulting in a negative friction drag in the groove. At the place where the top of the groove is close to the main flow, the vortices moving within the groove and the action of the main flow will weaken the velocity value of the contact layer. Consequently, the velocity near the riblet wall and friction is reduced. When the angle between the incoming flow direction and the riblet is large, vortices can be generated on the riblet surface to enhance turbulence. The friction on the riblet surface is reduced due to the vortices in the groove opposite the flow direction. However, the increase in pressure resistance becomes dramatic. Accordingly, viscous drag continuously increases. Figure 7 shows the velocity profiles at α=0° and 90°. The method proposed by Hooshmand et al. (1983) is employed to obtain the virtual origin on the riblet surface in the figure. A y-U curve fitting is conducted on the linear area of velocity distribution near the riblet top, in which the intercept of the fitting line corresponds to the position of the virtual origin on the riblet surface. The velocity profile of the smooth surface in the figure is consistent with the empirical theory for the viscous sublayer and logarithmic law region. The velocity profile of the logarithmic law region of the riblet at α=0° slightly moves up and the intercept increases from 5.5 to 6.2 compared with the logarithmic law region of the smooth surface. Lumley (1973) reported that the upward movements in the logarithmic law is closely related to the balance between turbulent energy generation and viscous dissipation. An upward shift of the logarithmic law corresponds to the reduction of skin friction drag. Aupoix et al. (2012) , Hooshmand et al. (1983) , and Okabayashi et al. (2014) also agree with this view. With regard to the curve of the α=90° riblet, the logarithmic law region also moves up, but the slope and intercept change.
Velocity Profile
The combined analysis in Figures 4 and 5 indicate that, in the α=90° condition, the skin friction drag reduction is high, and the logarithm law shifts upward even further when such friction on the riblet surface is small. Figure 8 shows the RMS values of fluctuation velocity in three directions. The ordinates are dimensionless with the maximum time-averaged streamwise velocity in each condition. First, the RMS values of fluctuation velocity near the riblet are less than those near the smooth wall in three directions when α=0°. In the DNS study conducted by Choi et al.(1993) , the three components of turbulence intensity can be reduced in the drag reduction structure of the longitudinal triangular riblet. The normal and spanwise velocity fluctuations can be reduced by 10%. By contrast, the streamwise velocity fluctuation can be reduced by 5%. In this study, the peak value of pulse velocity in the three directions on the side of the riblet decreased and stayed away from the wall. This notion indicates that the riblet can reduce the turbulence near the wall. Similar findings have been verified by Chu and Karniadakis (1993) . The findings for the mainstream region of the RMS fluctuation velocity curves in the three directions are consistent with those for the smooth surface, in which the drag reduction effect of the α=0° riblet is manifested near the wall. This finding is also consistent with that of Setkauskas and Vysniauskiene (2002) . The RMS value of fluctuation velocity near the groove becomes slightly weaker than that near the smooth surface when α=90°. The maximum value is almost the same as that on the smooth plate in the streamwise case, and it is substantially greater than those for the smooth plate in the other two directions. The α=90° fluctuation velocity value is increased until it reaches the mainstream region in all three directions. This case indicates that the riblet can entirely strengthen the flow pulsation.
Distribution of Root-Mean-Square (RMS) Values of Fluctuation Velocity
The common feature of the near-riblet case when α=0° and 90° is represented by the curve near the riblet shifting to the right of the plate, which is caused by the groove on the riblet surface. The velocity pulsation decreases in the groove (y/ [0.5H]≈0.1). The fluid with high turbulence is pushed away from the surface due to the continuous fluid flow, thereby resulting in the thickened boundary layer near the riblet wall. However, the movement to the right for α=0° is more apparent than that for α=90°. The manifestation suggests that turbulence can develop close to the riblet wall when α=90°. In summary, the riblet can easily induce turbulence generation and increase turbulence strength when α=90°.
(a) RMS fluctuation velocity in the streamwise direction Figure 9 shows the turbulent shear stress distribution. The momentum exchange caused by turbulence pulsation becomes more apparent on the smooth surface than that on the riblet surface when α=0°. The Reynolds stress decreases near the wall, but it is consistent on the upper plate in the region far from the wall. The drag reduction was tested near the riblet wall but not in the main flow region to verify α=0°,. Suzuki and Kasagi (1994) found that the velocity fluctuation and the Reynolds stress near the riblet wall were lower than those on the flat plate in their triangular riblet wall experiment with the drag reduction effect in the longitudinal arrangement even if the flow fields were similar between the riblet and smooth walls. However, the Reynolds stress is in the local extremum near the riblet when α=90° because vortices are generated in the reverse flow direction in grooves. Despite the slow movement of fluid in the groove, it has a certain degree of turbulence. In the main flow region, velocity pulsation has notably strengthened, thus enhancing turbulence intensity, momentum exchange, and mass transfer and dissipation. Figures 3 and 4 demonstrate that skin friction decrease is relatively high when α=90°, but turbulence intensity substantially increases. At this time, any beneficial effect is overwhelmed by the harmful effect of the enhanced turbulent shear stress. . 9 . Reynolds stress distribution.
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Instantaneous flow Field at α=0° and 90°
The flow fields at the instantaneous moment are determined when the viscous drag reduction has the time-averaged values at α=0° and α=90°. Figure 10 shows the resultant wall shear stress contours on the smooth and riblet walls at α=0° and 90° in an instantaneous moment, particularly when the drag reduction is close to the time-averaged drag reduction. The high and low values of shear force in the upper wall are distributed alternatively and in a strip pattern in the flow direction. The overall value of the wall shear stress on the smooth wall is consistent at α=0° and 90°. The distribution curve of the time-averaged skin friction manifests that the values of the time-averaged wall shear stress on the smooth wall are all in the order of 3e-4. By contrast, the α=90° riblet generally has a smaller wall shear stress value, which corresponds to the deeper blue area in the figure, than that of α=0°. This finding suggests higher skin friction reduction. The shear stress value distributed. near the top of the groove is large, when α=0°, whereas most other regions have small shear stress values. This phenomenon conforms with the conclusion that the bottom of the riblet has a significant drag reduction effect, whereas the top part has none. The significant drag reduction effect of the bottom part can compensate the large wet area. The shear stress distribution on the riblet surface still has a longitudinal strip pattern due to the riblet existence. The wall shear stress distribution over the riblet is relatively uniform when α=90°. Extremely high value regions become non-existent, and the strip structure in the vertical flow direction becomes nonapparent.
Wall Shear Stress Contours
(a) α=0°
(b) α=90° Fig. 10 . Resultant wall shear stress contours. Figure 11 shows the pressure distribution on the smooth and riblet walls. The upper and lower walls at α=0° have pressure spots with prominently high and low values, respectively. The lower wall pressure spots at α=90° have evident distribution, whereas the upper ones have no obvious distribution. These findings indicate that the upper wall pressure at α=90° has a smaller change range than the lower wall pressure. The upper and lower wall pressure changes are consistent at α=0°. The comparison between the two images shows that the pressure range corresponding to α=90° is relatively large. The large and smalle pressures are distributed on the riblet wall. The figure further indicates that setting the angle to α=90° changes the pressure distribution on the wall. Accordingly, the pressure range of the riblet wall increases and the pressure differential resistance is remarkably enhanced. Figure 12 shows the resultant velocity contours at y + =20. The two figure insets, demonstrate that high and low velocity bands are distributed around the upper and lower walls in the flow direction. The comparison result of the upper and lower surfaces when α=0°, reveals that the upper surface appears with a wide high-speed band. By constrast, the low surface has many small low-speed bands in the entire flow direction of the calculation domain. In general, the velocity value of the lower side is lower than that of the upper side. The high and low speed bands on the upper side are densely interlaced, and the high speed ones appear in most parts of the region when α=90°, However, the speed band consistency at α=90° is poorer than that at α=0° near the riblet side. The speed strip at y + =20 in the streamwise direction is intermittent when α=90°. The vortex band in the streamwise direction is affected by the groove. The reverse vortex generated in the groove has a certain influence on the flow within a certain normal distance above the riblet, which inhibits the occurrence of the streamwise vortex in the flow direction.
Pressure Contours on the Wall
Velocity Strip at y + =20
(b) α=90° Fig. 11 . Pressure contours on the walls. Figure 13 shows the vorticity distribution at x=0.02 m and z=0.000255 m. Figure 13(a) shows the vorticity distribution on the cross section perpendicular to the flow at α=0° and α=90°. The vorticity continuity in the spanwise direction and the upward sweep in the normal direction will lead to the shedding and breaking of the vortices. Figure  13 x=0.02 m and z=0.000255 m section at α=0° and α=90°. A certain amount of fluid with low velocity runs through the groove when α=0°, in which the cross section is perpendicular to the flow at x=0.02 m. Fluid velocity begins to sharply increase near the groove top, and multiple pairs of counter rotating vortices appear above the riblet surface. However, the development of vortices perpendicular to the flow direction is difficult to observe in the longitudinal section (z=0.000255 m). When α=90°, particularly in the x=0.02 m section, lateral fluid flows through the riblet surface, and low-speed fluid occupies the interior of the grooves and entirely swirls within them. The skin friction on the surface of the riblet at α=90° is lower than that at α=0°, and its skin friction reduction is greater. A vortex is formed in the grooves, and the velocity value is negative. Specifically, the velocity is opposite to the incoming flow direction, which is consistent with the distribution of the time-averaged velocity with normal distance (Fig. 5) . The low velocity fluid near the wall can help avoid highenergy exchange and loss and reduce wall drag. Figure 15 shows the vortex at α=0° and 90°; then , it is calculated and colored by using the Q criterion at Q=0.06. The difference between the upper and lower walls of the two cases shows α=90°, in which the vortex on the riblet wall is dense, and the turbulence activities are strong. The turbulence intensity dramatically increased than that of the smooth wall. The comparison result of α=0° and α=90° reveals that the overall case at α=0° of the overall vortex is small, and the distribution of streamwise vortices on the lower wall is concentrated. This finding can be explained by the incoming flow in the same direction as that in the riblet structure. Most fluids near the wall attach to the surface for movement. By contrast, the riblet's unique groove structure limits the streamwise vortex to the outside of the groove. Flow develops on the top of the rib, further showing a streamwise vortex band. In summary, the vortex on the lower wall is less than that on the upper wall. Specifically, the riblet structure inhibits the vortex development.
Vorticity Contours
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The figure also shows that the spanwise development of the vortex is inhibited. The vortex density difference between the upper and lower walls is huge when α=90°. The streamwise vortex distribution on the upper wall is uniform. The vortex density on the lower wall is increased, the vortex on the wall is relatively small, and the vortex on the outer region from the wall is increased. Near the riblet wall, a complete layer of fine vortices covers the top of the riblet, indicating uniform turbulence characteristics. The vortex zone is broken into a small vortex that occupies a wide region above the riblet wall, thus enhancing turbulence above the riblet wall. 
CONCLUSIONS
This study employed the LES method to determine the drag reduction effect of different flow directions on the longitudinal arrangement of the V-shaped riblet. It also explored the mechanism of the riblet action on the flow field by comparing it with the smooth plate. The research findings are summarized as follows:
(1) The total drag on the riblet surface is 4.537% less than that in the smooth surface when α=0°. When α is smaller than 20°, the total drag on the riblet surface has little change and still has a drag reduction effect. The total drag on the riblet surface was approximately 1.7fold as large as large as that of the smooth surface when α=90°.
(2) The skin friction on the riblet surface decreases whereas the pressure drag increases with the increase in inlet flow angle. The pressure drag increases faster than the decreasing skin friction.
(3) The action mechanisms of the riblet in the longitudinal flow and the transverse flow differ. In the longitudinal flow, the riblet structure limits the spanwise development of turbulence. Accordingly, turbulence weakens, and skin friction reduces. In the transverse flow, the riblet structure enhances turbulence. The transverse vortices generated within the riblet reduce the skin friction to zero, or even to negative values. However, the pressure resistance generated is much greater than the reduced skin friction, thus increasing the total drag.
Thus, the flow direction should be parallel to the riblet when the riblet is used for drag reduction. The transverse riblet is an effective method if the goal is to increase drag.
